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======================================================================

** Conservation Laws
*** General discussion and examples [volume/mass/charge/energy/momentum]

A conservation principle ("Conservation of ____") stipulates that the
total value of a certain quantity ("____") within a given system does
not change during the occurance of a broad range of different types of
processes.

The purpose of such a principle is that it can provide significant
information regarding the outcome of certain processes, however
complicated -- information that would otherwise be difficult to
determine directly.

Ex: using conservation of momentum to predict the outcome of a collision.

Conservation principles can also provide a great deal of insight into
the laws of physics, as it applies under certain broad circumstances.

Ex: conservation of mechanical energy in spring-mass (no friction) oscillations
==> amplitude remains constant


One of the first conservation principles encountered in everyday
experience is conservation of volume.

Demo:  (170.m4v)
- Start with water within a two-beaker system.  B1:230ml, B2:330ml
- Note total volume of water.  560ml
- Now pour water back and forth between them.
after initial pour: B1:300ml, B2:260ml
after series: B1:430ml, B2:130ml
- No matter how complicated the processes are, so long as we don't
spill anything, total volume is conserved.  The total volume never
changes.  This would still be true even if the shapes of beakers were
different.
- Note that when a quantity (like volume) is conserved, it makes
sense to talk about TRANSFERS of that quantity from one subsystem
to another -- if B1 water incr by 130ml, then B2 water decr by 130ml,
and 130ml of water is said to be transferred from B2 to B1.
- This ability to talk about transfers gives the conserved quantity a
"substantive" property -- it is as if there is an actual substance
being transferred from one subsystem to the other.
- Now allow transfers to and from this system from a 3rd beaker.
after B3->B2 transfer: B1:430ml, B2:200ml (total 630ml)
after B1->B3 transfer: B1:350ml, B2:200ml (total 550ml)

Is volume ALWAYS conserved?

No.  One exception involves transfers in and out of the system (btw,
NO quantity is ever conserved when there are transfers in/out of the
system).

There are other important exceptions to conservation of volume:
- heating/cooling/changing pressure
- dissolving salt into water
- chemical reactions

Chemists often refer to conservation of mass, which is valid over a
much wider range of processes (including heating, dissolving, and chem
reactions; at least to 16 decimal places).


Another conservation principle that is relevant is conservation of
electric charge.  It turns out the total charge of an isolated system
is always conserved.

This would surely be true if our "charge transfers" were a simple
matter of moving electrons from one place to another.

Charge pen with fur...
[demo 470b.m4v -- includes electroscope demo, showing rod is now charged]

This conservation principle also applies to processes involving
particle decay:
  n -> p^+  +  e^-  +  anti-neutrino
  0  = +e   +  -e   +   0

btw: anti-neutrino was predicted based on apparent violation of
conservation of momentum/energy

Unlike conservation of volume/mass, there are no known exceptions
to conservation of charge (except the omnipresent exception of
transfers into/out of the system).


Types of conservation of principles:

(1) Universal: quantity within a system is ALWAYS conserved (except when
there are transfers in/out of the system).  Quantity within the entire
universe is ALWAYS conserved.

Ex: charge, momentum, total energy (all forms), angular momentum

(2) Non-universal: quantity within a system is conserved over a broad
range of processes, but exceptions do exist beyond the obvious in/out
transfers.  However, the range of processes is broad enough that the
conservation principle is still useful.

Ex: volume, mass, mechanical energy, various "particle numbers"

(3) Intermittent: quantity within a system is conserved only under
special circumstances that are not easily predicted.  Such a
conservation principle has little value.

Ex: speed, force, position, etc.


Local vs. global conservation laws:

So far we have been discussing conservation laws in terms of global
conservation -- the total of some quantity over a system does not
change as time passes and some process occurs.

Consider example: two beakers with water.  Volume decreases in one
beaker match up with equal increaees in volume in the other beaker.

Note that this "global" conservation principle would remain true, even
if the water were to "teleport" from one beaker to the other -- the
transfer "travels through the ether" (so to speak), but nevertheless,
total volume would remain conserved throughout.

Same principle with conservation of charge -- one charge could
disappear from one location and simultaneously appear in other region,
and total charge would be conserved.

[Turns out that "teleportation" processes present an issue with
conservation principles, especially in light of Einstein's relativity
theory (much later), where different observers may disagree about
relative timing of events that take place at distant points.  Also,
experience teaches us that things don't just suddenly teleport from
one location to another.  All transfers are *local*.]

A local conservation principle extends beyond the global conservation
principle, by specifically banning teleportation processes.  Rather
than simply noting that total X is conserved over an entire system, it
is noted that for X to decrease in one place and increase in another,
there has to be a transport of X throughout the space between those
two places.  We introduce the concept of a flowrate, or "current", and
the local conservation principle is expressed in terms of relating the
rate of change of X in a small region to the current flow of X out of
that region.  We will see examples of this concept later (fluid flow,
electrical current, etc).

One consequence of this is that for a locally conserved quantity to
change over a region, there must be a non-zero flow in or out of that
region THROUGH THE SURFACE SURROUNDING THAT REGION.  Imagine a prison
where the goal is to keep the inmates inside (conservation of
inmates).  To make sure noone enters or leaves, it is enough to guard
the perimeter -- the boundary between inside and outside.

It turns out that all global conservation laws must also be local.
Teleportation processes not only violate our sense of what is/isn't
possible, it also violates Einstein's theory of relativity -- it turns
out that different observers may disagree about relative timing of
events that take place at distant points in space.

======================================================================

*** Definition of momentum and kinetic energy

Consider an object with mass m abd velocity v [draw picture]

p = mv
K = (1/2)mv^2

similarities:
- p and K are both zero when object at rest
- |p| and K both increase as object moves faster

differences:
- p is a vector; K is a scalar (primary)
- p prop v^1; K prop to v^2 (secondary)
- K has a "1/2" in its definition (trivial)

Ex: m=10kg and v=5m/s
p = mv = 50 kg*m/s = 50 N*s    [N = kg*m/s^2]
K = (1/2) mv^2 = 125 kg*m^2/s^2 = 125 N*m = 125 J

======================================================================

*** Conservation of momemtnum and energy

Momentum and energy conservation are subject to observational
confirmation.  So far, no examples have been found where either of
these quantities are not conserved.

Despite K being a scalar, it turns out energy conservation is MUCH more
subtle than momemtum conservation.

Energy can hide -- momentum cannot: consider an object made of particles.
[ex: at rest, what is K? what is p? now consider individual particles]

In fact, KE is only one form of energy -- there are others forms, and
energy can convert from one form to another.  KE by itself is NOT
generally conserved.  However momentum is.

- Ex: consider two objects connected by compressed spring --
allow spring to release.

======================================================================

*** J-p and W-K theorems (1-D constant single force)

A force can be used to transfer both momentum and (kinetic) energy
from one object to another.  The terms "impulse" and "work" refer,
respectively, to the amount of momentum and kinetic energy that is
transferred by that force during a given time interval.

The key to this interpretation is the "impulse-momentum" theorem and
the "work-kinetic energy" theorem:

J_net = Delta(p)   (vector relationship)
W_net = Delta(K)   (scalar relationship)

J_net = sum_k J_k  (J_k = impulse delivered by force F_k during time interval)
W_net = sum_k W_k  (W_k = work done by force F_k during time interval)

In light of these "definitions" of impulse and work, the
impulse-momentum and work-kinetic energy theorems should make sense.


Consider the special case of a single object of mass m moving in 1-D
and acted on by a single constant force:

[draw picture of m sliding in 1-D, acted on by one force, and
indicate a time interval (i and f)]

Since F is constant, a = F/m is also constant, so the equations of
constant acceleration apply:

Impulse-momentum:
  [v_f = v_i + a dt] m
  mv_f = mv_i + (ma) dt
  p_f = p_i + F dt
  Delta(p) = F dt
It is clear that J = F dt in this case.  This can be generalized to
3-D and non-constant forces with the help of vectors and integration.

Work-kinetic energy:
  [v_f^2 = v_i^2 + 2 a dx] (1/2)m
  (1/2)mv_f^2 = (1/2)mv_i^2 + (ma) dx
  K_f = K_i + F dx
  Delta(K) = F dx
It is clear that W = F dx in this case.  The generalization to 3-D
is less clear, but can still be done (using the dot product).  The
generalization to non-constant forces can also be done with help
of integration.

The generalizations will all be covered later.

======================================================================

*** Simple example [m=2kg, F=+8N, vi=0, dt=3s / add m=4kg with reaction force]

Consider m=2kg, initially at rest, acted on by +8N (constant) force
over 3s time interval.  [draw picture]

Kinematic study:
  v_i=0
  dt=3s
  a=F/m=+4 m/s^2
==>
  v_f = v_i + a dt = +12 m/s
  dx = v_avg dt = (+6 m/s)(3s) = +18m

Impulse-momentum:
  p_i = 0
  p_f = m v_f = (2 kg)(+12 m/s) = +24 kg*m/s
  Delta(p) = p_f - p_i = +24 kg*m/s
  J = F dt = (+8N)(3s) = +24 N*s   [check]

Work-kinetic energy:
  K_i = 0
  K_f = (1/2)m v_f^2 = (1/2)(2kg)(+12 m/s)^2 = 144 J
  Delta(K) = 144J
  W = F dx = (+8N)(+18m) = 144 J  [check]

It is clear from this analysis that this (8N) force delivers
+24 N*s of impulse and does 144 J of work on this object during the
3s time interval.


Where does the momentum and (kinetic) energy transferred to the object
come from?  Since momentum and energy are both conserved, it has to
come from somewhere.

According to Newton's 3rd law, this force cannot exist in a vaccuum,
but must have occurred as a result of this object's interaction with
a second object.

So, now consider two objects:   [draw picture]
  m_1=2kg, v_1i=0, F_12 = +8N
and
  m_2=4kg, v_2i=0, F_21 = -8N (N3L)
What happens to each object over the 3s time interval?

Data for m_1 is as calculated above.

For m_2...
Kinematic study:
  v_2i=0
  dt=3s
  a_2=F_21/m_2=-2 m/s^2
==>
  v_2f = v_2i + a_2 dt = -6 m/s
  dx_2 = v_2,avg dt = (-3 m/s)(3s) = -9m

Impulse-momentum:
  p_2i = 0
  p_2f = m_2 v_2f = (4 kg)(-6 m/s) = -24 kg*m/s
  Delta(p) = p_f - p_i = -24 kg*m/s
  J_21 = F_21 dt = (-8N)(3s) = -24 N*s   [check]

Work-kinetic energy:
  K_2i = 0
  K_2f = (1/2)m_2 v_2f^2 = (1/2)(4kg)(-6 m/s)^2 = 72 J
  Delta(K) = 72J  (>0)
  W_21 = F_21 dx_2 = (-8N)(-9m) = 72 J  [check]

To summarize: this interaction
- delivers +24 N*s of impulse to m_1
- delivers -24 N*s of impulse to m_2
- does 144 J (>0) of work on m_1
- does 72 J (>0) of work on m_2

Note that the momentum transfer to each object is equal and opposite
-- total momentum is conserved (check P_tot,i = P_tot,f).  This is
expected.

However, the kinetic energy transfer appears to be in contradiction:
not only is the amount of kinetic energy transferred by the
interaction force to each object different (in magnitude), both
transfers are positive: the KE of both objects increase for a net
overall gain of KE.

Clearly another form of energy must be involved here.  For example,
both objects may be accelerated by a spring connected between them (OK
-- not constant force, but you get the picture).  The added energy
must be coming from the spring itself.  In fact, as we will discuss
later, there is potential energy stored in the spring which is
released when the spring uncompresses.

Mathematically, you can see the issue: F21 = -F12 and dt is always the
same, so J_21 and J_12 are always equal and opposite.  However, dx_1
and dx_2 are NOT equal.  It turns out that whenever two interacting
objects interact with each other and undergo distinct displacements,
the work done by each force will not cancel, and other forms of energy
will need to be considered.  We will have occasion to discuss all of
this in due time.
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